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PART II- SUMMARY OF COMPLETED PROJECT 
In preliminary experiments using high temperature and short 
residence times, buffered solvent pulping was found to give excellent 
delignification as well as a high quality pulp. Compared to current 
commercial pulping processes, buffered solvent pulping has a number of 
potential advantages which include: the pulping liquor does not contain 
sulfur compounds; high pulp yields are obtained; and a high quality lignin 
by-product can be recovered. 
A series of batch pulping experiments were performed to investigate 
buffered solvent pulping. In particular these experiments were designed 
to better understand delignification of tulip poplar wood in an essentially 
neutral mixture of ethanol and water. 
For temperatures between 200 and 240oC, delignification was found 
to proceed first in a relatively fast phase which is then followed by a 
relatively slow phase. Buffered solvent delignification for both the 
relatively fast phase and the relatively slow phase can be modelled as 
first order with respect to lignin. Quantitative 13C NMR was used to 
characterize the solubilized lignin. The solubilized lignin was relatively 
uncondensed with few carbohydrates associated with it. Solubilized 
syringyl lignin removed first was more etherified than syringyl lignin 
removed later. 
The pulp obtained in buffered solvent pulping of tulip poplar was 
found to excellent properties. In spite of the high temperatures, high 
viscosity pulps were obtained indicating the cellulose retains a high 
degree of polymerization. X-ray diffraction spectrometry indicated the 
cellulose in the pulp retained a structure which is characteristic of native 
crystalline cellulose. The pulp is an excellent feed stock for the 
enzymatic production of fermentable sugars. 
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C. Thesis 
1. J. A. Trummer, "Characterization of Lignin Reactions in Buffered 
Solvent Pulping," Master of Science in Chemical Engineering Thesis, 
Georgia Institute of Technology, June 1987. 
2. M. F. Delange, "Quantitative 13C NMR of Poplar Lignins Obtained from 
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DISCUSSION 
The data and the analysis of the data are discussed in the 
manuscripts located in the appendices. 
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Buffered Solvent Pulping 
By G.S. Faass1), R.S. Roberts2), and J.D. Muzzy 
School of Chemical Engineering, Georgia Institute ofTechnology, Atlanta, Georgia 30332-0100, U.S.A. 
Keywords Summary 
Solvent pulping 
Delignification rate constants 
High temperature pulping 
Crystallinity 
Tulip poplar 
~rganosolv pulping tulip poplar under approximately neutral conditions was investigated. A sodium 
btcar~onate _buffer was used to maintain the ethanol-water-MAO pulping liquor at relatively neutral pH. 
Relattvely htgh cook temperatures (200 to 240 °C) with low residence times (less than 20 minutes at tem-
perature) were found to give excellent delignification as well as a high quality pulp. 
Introduction 
The economical fractionation of lignocellulosic mate-
rials continues to be one of the most vexing technical 
problems engineers and scientists have faced. A 
number of commercial fractionation processes have 
been developed to separate lignin from cellulose and 
hemicellulose. Unfortunately, the commercial proces-
ses have a number of limitations ; hence, substantial 
research efforts have been undertaken to improve cur-
rent processes or to develop new processes. Of the po-
tential new processes, solvent pulping has been the 
most intensively investigated. 
Early studies of solvent, or organosolv pulping, were 
conducted by Aronovsky (Aronovsky 1936; Aronov-
sky and Gartner 1936). Aronovsky discovered that a 
liquor composed of an organic solvent and water can 
be used at high temperatures to pulp biomass. He also 
found that delignification proceeded best in acidic sol-
vent pulping liquors and that the pulping liquor would 
naturally become acidic during pulping due to the re-
lease of organic acids from wood. 
Since these initial discoveries, a number of resear-
chers have investigated organosolv pulping (Sarkanen 
1980; April et al. 1979; Kleinert 1975; Sanwal 1978; 
Young et al. 1987). These investigations have all 
studied organosolv pulping using either acidic or basic 
pulping liquors. Acidic or basic pulping liquors have 
been historically used in the kraft, soda, and neutral 
sulfite pulping processes to promote lignin fragmenta-
tion and solvation. However, these acids or bases also 
promote undesirable side reactions, such as lignin con-
densation and depolymerization of hemicellulose/cel-
lulose (Chua and Wayman 1979; Gierer 1970, 1982; 
Muzzy et al. 1983). The acids and bases present in 
~)Present address Rohm and Haas, Philadelphia, PA. 
>To whom correspondence should be addressed. 
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pulping liquors are non-specific catalysts since they 
promote both desirable and undesirable reactions. 
Remarkably, the desirability of these non-specific 
catalysts has not been extensively explored for or-
ganosolv pulping. Recently an organosolv process 
which does not utilize these non-specific catalysts for 
pulping has been investigated at Georgia Tech (Faass 
et al. 1984; Faass et al. 1985). 
In the process being developed at Georgia Tech, a buf-
fer is used to maintain a relatively neutral pH. Since 
the pulping takes place at a relatively neutral pH, 
comparably high temperatures can be utilized without 
damaging the pulp. Lignin fragmentation and solva-
tion is promoted by the high temperature and an or-
ganic lignin solvent (ethanol-water). Methylanthra-
quinone (MAQ) is added to the pulping liquor to re-
duce lignin condensation reactions and to stabilize the 
carbohydrate pulp. In this paper, the results of pulp-
ing under buffered solvent conditions are reported. 
Materials and Methods 
Pulping operations 
Fresh chipped tulip poplar ( Lirodendron tulipfera) was obtained 
from a local chipping operation. For all experiments except where 
noted , the chips were reduced to a nominal1 mm by Wiley milling 
and refrigerated. Pulping cooks were performed using a 650 ml stir-
red batch reactor manufactured by Pharr Instruments, Inc. The pro-
tocol for each cook involved degassing the wood followed by soak-
ing the wood in a pulping liquor composed of ethanol, water, sodi-
um bicarbonate, and methylanthraquinone, as shown in Table 1. 
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The reactants were charged into the reactor, heated to the desired 
temperature (typically within 30 minutes), held for the required 
cook time, and then cooled. The products were filtered, washed and 
dried to obtain pulp yield. 
Lignin analysis 
Lignin determinations were made usingTAPPI Standard T222 os-74 
and T236 os-76 methods. 
Carbohydrate analysis 
A Waters GPC I with a Biorad HPX-87P column was used for car-
bohydrate analysis. Samples were prepared first by adding 3 ml of 
72 percent sulfuric acid to 0.35 g of wood and stirring. After one 
hour for primary hydrolysis, the sample was diluted with 84 ml of 
water and autoclaved at 15 psig for one hour. After cooling, the lac-
tose internal standard was added and a 10 ml aliquot of the solution 
was removed. The aliquot was neutralized with lead carbonate and 
centrifuged to remove the precipitate . The supernatant was filtered 
using a C18 Sep-pak cartridge manufactured by Waters before being 
injected into the HPLC. 
Pulp viscosity 
The pulp viscosities were determined by using a modified TAPPI 
Standard Method T230 os-76 . An Appropriate Cannan-Fenske 
capillary viscometer in a 25 °C water bath was used to measure the 
viscosities. 
X-ray diffraction spectrometry 
A Siemens 90-degree X-ray Diffractometer was employed to obtain 
the diffraction tracings . Samples were prepared to pass through a 
40-mesh screen and then 0.15 g of the material was compressed into 
an aluminum sample holder under a pressure of 1000 psia to form 
a disc of 5/8 inches in diameter. The sample was then mounted in 
the diffractometer and was scanned under the following conditions: 
Scanning Range 28 
Scanning Step 
Exposure Time 
10 to 30 degrees 
0.1 degree 
120 s/0.1 degree 
Results and Discussion 
Delignification 
In an initial series of experiments, called the non-
isothermal cooks, the reactor was rapidly heated to 
temperatures ranging from 100 to 280°C and quickly 
cooled. A maximum of 32 minutes was required to 
heat the reactor to the experimental temperature; 
while a maximum of 12 minutes was required to cool 
the reactor. The results of the non-isothermal cooks 
are shown in Figure 1. As can be seen, delignification 
essentially does not occur until the temperature ex-
ceeds 160°C and very little delignification occurs until 
the temperature exceeds 180°C. Initially the pulping 
liquor was at a pH of approximately 9.5 and essen-
tially remained unchanged until the temperature of 
the pulping liquor exceeded 160°C. When the temper-
ature of the pulping liquor reached 180°C, the pH of 
the liquor was approximately 7.2. Hence essentially all 
of the delignification above 180 oc took place under 
approximately neutral conditions. 
The non-isothermal cooks were augmented by addi-
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Fig. l. Yield and residual lignin content of pulps obtained during 
the non-isothermal stage of the cook 
cooks, the reactor was heated to a specific tempera-
ture ranging from 200 to 260oc and held at that tem-
perature for up to 45 minutes. As can be seen in Figure 
2, delignification in the isothermal portions of the 
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Fig. 2. Experimental delignification data 
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tial "fast" step followed by a second "slow" step. In 
the case of the 260°C cooks, only one stage of delig-
nification was observed; however, the lignin content 
of the wood at the beginning of the isothermal cook 
was very low. As shown in Figure 2, for the latter por-
tions of the 200, 220, 240, and 260°C cooks the 
logarithm of the lignin content appears to be directly 
proportional to the time at temperature. 
Linear regressions were performed on these cooks 
and the best straight line fit of the data was obtained, 
as well as the correlation coefficient, r. The results are 
shown in Table 2. In each case the correlation of the 
data to a straight line is very high as indicated by the 
absolute value of r being near unity. These results ver-
ify that this stage of delignification can be suitably 
modeled as a first order process. Using the data shown 
in Table 2, the rate constants were calculated assuming 
an Arrhenius relationship (Fig. 3). The activation 
energy and frequency factor were 13.46 kcal/gmole 
and 1. 85 · 104 min-t, respectively. 
Table 2. First order rate constants stage of delignification for the 
slow 
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Fig. 3. Arrhenius plot for the slow stage of delignification 
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Table 3. First order rate constants for the rapid stage of delignifi-
cation 
Temperature Rate Constant Correlation 
oc minutes- 1 Coefficient, r 
200 0.126 -0.997 
220 0.224 -0.953 
240 0.399 -0.989 
052,---------------------------------
•52~----~----~----~----~----~.~~ 
1.800 1.875 1.950 2.025 2.100 2.175 
RECIPROCAL TEMPERATURE X 1000, DEG. K 
Fig. 4. Arrhenius plot for the rapid stage of delignification 
Analyzing the "fast" delignification step is more com-
plex than analyzing the "slow" delignification step. 
The effects of the "slow" delignification must be sub-
tracted from the data in order to determine the true 
fast delignification rates. After compensation for the 
"slow" delignification, regression analysis indicated 
the true "fast" delignification would best be described 
as a first order process, a finding which is in agreement 
with the literature (Kleinert 1966A; 1966B). The first 
order rate constants and correlation coefficients are 
shown in Table 3. An Arrhenius plot was made (see 
Fig. 4) to determine the activation energy and the fre-
quency factor, 13.88 kcal/gmole and 3.26 · 105 mm-
utes-1 respectively . 
Pulp yields 
The effects of buffered solvent pulping on the pulp 
were also determined. Isothermal carbohydrate yields 
are shown in Figures 5, 6 and 7 while the correspond-
ing steady state isothermal rates of carbohydrate loss 
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are given in Table 4. The initial composition of the 
tulip poplar is given in Table 5. As indicated by the fig-
ures and tables, removal of the non-specific catalysts 
(acids and bases) results in the need for higher pulping 
temperatures than those used in conventional pulping 
processes. At these relatively high temperatures and 
short cook times, the buffered solvent process gives 
superior fractionation of the lignocellulosic material. 
For example for a 220°C/20 minutes cook, approxi-
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Fig. 5. 200°C Isothermal carbohydrate yield data 
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Fig. 7. 240 °C Isothermal carbohydrate yield data 
Table 4. Isothermal rates of carbohydrate removal 
Temper- Rate Based on Rate Based on Cumulative 
ature Lignin-Free Yield Carbohydrate Loss 
oc g of Carbohydrate g of Carbohydrate 
100 g Wood min 100 g Wood min 
200 0.05 0.03 
220 0.10 0.04 
240 0.17 0.10 
260 0.35 















mately 90 per cent of the lignin can be removed while 
over 80 percent of the carbohydrate pulp can be re-
tained. It is also important to note that low lignin 
pulps can be made while substantially retaining most 
of the hemicellulose. 
Pulp quality 
Viscosity measurements were performed on samples 
prepared during the isothermal delignification study. 
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Table 6. Influence of reaction conditions on the 0.5% TAPPI CEO viscosities of pulps using a buffered ethanol-water solvent system 
containing 4% MAQ 
Condition of the Wood Milled Chips 
Maximum Cooking Temperature 220 220 240 240 260 220 220 240 240 260 
Time at Maximum Cooking Temperature 20 40 
.5 % TAPPI CEO Viscosity (KPa.s) 26.3 29.2 
Table 7. Physical properties of bleached buffered solvent pulp 
Sample Brightness Opacity 
o;o % 
Bleached Buffered Solvent Pulp 86.0 75 .9 
Typical Mixed Hardwood Pulp* 91.9 76. 1 
' Obtained from Nackawic Pulp and Paper Company, Ltd . 
Even though the pulps had been prepared from milled 
wood the resulting viscosities were surprisingly high 
as shown in Table 6. As expected the viscosities tended 
to decrease as the reaction temperature increased. 
This trend was further supported by data made from 
cooks using chips in place of milled wood (see Table 
6). As expected, pulps made from chips had consis-
tently higher viscosities than those made from milled 
wood. 
Having obtained these viscosity data, a 230°C, 15 min-
ute cook was made using chips. This sample was sent 
to a major pulp company for subsequent physical 
property analysis. The TAPPI viscosity of the un-
bleached and bleached pulp were 40.3 and 10.9 cps, 
respectively. Selected physical properties of hand-
sheets made from the unbeaten bleached pulp were 
obtained and are summarized in Table 7. 







5 20 5 20 40 5 20 5 
17.8 12.4 5.9 31.1 46.9 27.5 27 .5 10.8 
Tensile Tear Mullen Density 
lbs/in g psig g/cm3 
10 . 1 42.4 12.3 0 .52 
12 .0 45.5 11.0 0 .57 
Also shown in Table 7 for comparison are data for a 
typical mixed hardwood kraft pulp containing 13 per-
cent softwood. These data were provided by Nackawic 
Pulp and Paper Company, Ltd. The pulp was bleach-
ed , unbeaten and had a viscosity of 18.4 cps. From 
these very limited data, the properties of the buffered 
solvent pulp appear to be comparable with the kraft 
pulp. Detailed studies on the physical properties of 
buffered solvent pulp to confirm these preliminary re-
sults are currently being conducted. 
To determine the effect of high temperature buffered 
solvent pulping on the crystallinity of the pulp, X-ray 
diffractograms were made of the milled wood, the 
220°C/20 minute pulp, and the 240 °C/O minute pulp. 
These diffractograms are shown in Figures 8, 9 and 10. 
The diffractogram of the milled wood is very noisy 
due to the high lignin content of the untreated wood. 
10 15 20 25 3C 10 15 20 25 30 10 15 20 25 30 
SCANNING ANGLE 28 (DEG) SCANNING ANGLE 28 (DEG) 
Fig. 8. X-Ray diffractogram of milled poplar Fig. 9. X-Ray diffractogram of pulp 
wood-40 mesh 220 °C/20 min 
SCANNING ANGLE 28 {DEG) 
Fig. 10. X-Ray diffractogram of pulp 
240°C/0 min 
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In contrast the diffractograms of the pulps have strong 
and relatively sharp peaks which are characteristic of 
native cellulose I. Both of the samples are remarkably 
similar in terms of their crystalline structure. It ap-
pears that the high temperature buffered solvent de-
lignification process efficiently preserves the native 
cellulose crystalline structure. 
Process economic considerations 
For buffered solvent pulping to be economically fea-
sible, the commercial process would of course be sig-
nificantly different from the bench scale experiments 
described previously. The digester would be a continu-
ous-type operating with a wood to liquor ratio of ap-
proximately 1 to 3 (weight to volume). The pH of the 
pulping liquor would be maintained at close to neu-
trality by the controlled addition of sodium carbonate 
instead of the sodium bicarbonate used in the bench 
scale experiments. Economics also dictate that essen-
tially all of the pulping liquor chemicals be recovered 
and recycled. 
Recovery of the ethanol, sodium carbonate, and 
MAQ pulping chemicals can be accomplished using 
standard technology. Preliminary design calculations 
indicate that the MAQ could be recovered by liquid-
liquid extraction and ethanol can be recovered by frac-
tional distillation. After removal of ethanol from the 
pulping liquor, by-product lignin compounds would 
precipitate and be separated from the water soluble 
sodium compounds by filtration. The non-volatile 
compounds remaining in the aqueous solution would 
be concentrated, combusted, and the sodium carbon-
ate recovered by aqueous leaching of the combustion 
ash. 
With only the preliminary data currently available, 
process economics for a commercial buffered solvent 
pulping facility is difficult to assess. Preliminary 
economic analysis based on conservative design as-
sumptions does however indicate the fixed capital in-
vestment and operating costs of such a facility are 
favorable when compared to those of a kraft pulp mill. 
Conclusions 
Organosolv pulping liquor does not require the pres-
ence of acids or bases to delignify angiospermous 
wood. The use of relatively neutral pulping liquors al-
lows the wood to be pulped at high temperatures for 
Holzforschung 
short residence times without significantly damaging 
the carbohydrate pulp. A high degree of delignifica-
tion can be obtained while retaining substantially all 
of the carbohydrate fraction in the pulp. 
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De NMR Spectroscopy was used to study the mechanism of buffered solvent pulping. Solubilized lignin 
was relatively uncondensed with few carbohydrates associated with it. Solubilized syringy1lignin removed 
first was more etherified than syringyllignin removed later. Quantitative NMR data was required to ob-
tain meaningful results. 
Introduction 
Buffered solvent pulping (Faass et al. 1989) is a unique 
organosolv process for fractionating lignocellulosic 
materials. The unique feature about this process is 
that it delignifies wood at neutral pH using a 50% 
aqueous ethanol liquor buffered with sodium bicarbo-
nate. By pulping at neutral pH, lignin condensation 
reactions and depolymerization of carbohydrates are 
minimized. By eliminating acid or base catalysts, tem-
peratures in the range 200 to 240 degree Celsius are 
required to obtain low lignin contents in the pulp. De-
spite the high temperatures, lignin free pulp yields 
greater than 60% with strength properties compara, 
ble to Kraft pulps are obtained. 
Faass (1989) modelled the buffered solvent pulping as 
two first order processes occurring simultaneously. 
The bulk delignification process was most significant 
early in the cook, especially during the nonisothermal 
heat up of the reactor. Upon reaching the desired 
pulping temperature, bulk delignification gradually 
became less significant until only residual delignifica-
tion was observed. 
This study reports on the mechanism of buffered sol-
vent pulping. It is genera11y accepted that acid 
catalyzed organosolv pulping does not cleave the pre-
dominant ~-0-4 ether linkages in lignin (Sarkanen 
1980). This was based on activation energy studies. 
Sarkanen reported an activation energy of 8.4 kcaV 
mole for an organosolv process employing an acid 
catalyst. The activation energy required to cleave 
~-0-4 linkages in model compounds was 36 kcaV 
mole. Sarkanen concluded that the probable mecha-
nism of orgranosoJv pulping was cleavage of a aryl 
:S) Present address: Eli Lilly and Company, Lafayette, Indiana, 
U.S.A. 
•> Present address: International Paper Company, Thxedo Park, 
N.Y., U.S.A. 
J) To whom correspondence should be addressed. 
ether linkages which were Jess stable than ~-0-4 
ether linkages. The resulting reduction in the lignin -
molecular weight facilitated its solubilization in the 
pulping liquor. 
The activation energy of buffered solvent pulping was 
determined to be 13.9 kcaVmole (Faass eta/. 1989). 
This was much less than 36 kcaVmoJe activation 
energy reported by Sarkanen for cleavage of ~-0-4 
model compounds. Therefore, one would not expect 
cleavage of ~-0-4 ether linkages to be significant in 
buffered solvent pulping. 
Quantitative 13C NMR was used to study the structure 
of lignin solubilized by bufferd solvent pulping. Differ-
ences observed in the structure of buffered solvent lig-
nin compared to milled wood lignin provided insights 
to the mechanism of buffered solvent pulping. 
Materials and Methods 
Lignin sample collection 
Tulip poplar (Liriodendron tulipfera) was milled to a 
nominal 1 mm diameter and refrigerated. Pulping 
cooks were performed using a 650 _ml stirred batch 
reactor manufactured by Parr Instruments, Inc as de-
scribed by Faass et a/. (1989) except methylan-
thraquinone was omitted. The protocol is shown 
schematically in Figure 1. The 190/0 lignin represents 
lignin removed by bulk delignification during the time 
when most of the acid formation and neutralization 
occur. The 220/0 lignin represents lignin removed by 
bulk delignification after the time when most of the 
acid formation and neutralization took place. The 220/ 
15 lignin represents lignin removed by both bulk and 
residual delignification. The 220/60 lignin represents 
lignin removed by residual delignification. 
Milled wood lignin was obtained per Bjorkman 
(1956). 
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NMR samples were prepared by dissolving approxi-
mately 300 mg of vacuum dried lignin in 4.5 mls of 
deutrated dimethyJsulphoxide (DMSO) which con-
tained dioxane as an internal standard. 
Proton decoupled 13C NMR spectra were recorded for 
the lignin samples at room temperature using a Varian 
XL-400 spectrometer operating at 100.575 MHz. The 
DMSO provided the internal deuterium lock. The 
center line of DMSO provided the reference line at 
39.5 ppm. Waltz 16 decoupling was used (Shaka et al. 
1983). Quantitative spectra were performed as recom-
mended by Landucci (1985). One deviation from 
Landucci was that a 6 second delay time was used in-
stead of the recommended 8 second relaxation delay 
time. A comparison of a spectrum performed with a 
6.0 second delay time to one with an 8 and 12 second 
delay time showed no differences for the peaks of in-
terest (i.e. those representing carbons 2, 3, 5 and 6 of 
syringyllignin and carbons 2, S and 6 of guaiacyllig-
nin). Other parameters used for obtaining the quan-
titative spectra are listed in Table 1. 
-
))' 
: FRa-iEERG SATZ & REPRO ; 15- 3-91 13:21 
Null"'bbrofiCJIDtr:-afnl'll 
~ wid\h (mlao &eC'ODI2t) 
Pli1M ~· (<Mat-...) 
Atquidtion ti:rM (uoold) 
~Iantion clelay tlll'e (•ecoldl) 
Sptet rt1 wtdlll (ppm) 
Number o! data poilU 









't\e FtD data wu J'ourier tra.Mformod from tho th:no 
domain to &he frequency domain, phased, and written 
to aSCit filca uslns the f"mMR aoftwtrc. from Hue 
Re~arch Inc. The peaks were inteJrated usinJ 
SPECTRA CALC ao~are from Gal•etic Industries 
Corporation usinaa pcnonal. computer. 
Reaadt1 aDd Dllt~~llio. 
GtnmJ obttrwztion! 
Quantitative llc NMlt spectra of Hgnln umpl~& 
MWL, tOOiO, noo. 22(Vlj and 2l0/60 are pruenterl 
1ft FiJ1lM 2. Table 2 lists the peak assianmentt baaed 
Oil Mlipments reported in tM 1iteratwe (Nimz •' al. 
1981; Marches.sault 11 DL 1982; Lapierre It al. lOll; 
N"unz ''Ill. 1982; Lapierre 1984, Bardet "111. 1985; 
'Iiummer lgs7; Evli)ll 1P89). The milled wood 11anJn 
Nmpl~, MWL, reprtua.ttd Uanin il'l ita JSative rtate. 
Tbo lar&e peak at 4() ppm iA the spectra wu from the 
DMSO 10lvent. The put at 66 ppm l& tile diozane re. 
fcre11ce peak. 
1'.W. 2. PNic AMip11'!eaU for ~ 2 
ReJiCO .PPnalt.Gp Alllprncat 
1 151-15$ o.tbou J Mid sol.·~·~ 
l 145-t.SO O...a.liDd 5 ot ,woa. *)'rizll)'l 
J 1J1-1o40 
Cvbum 31Q.d" Oallleyl 
~ ' ol etbariftcd l)'dal)'l • 1l3·136 C&rboa 1 rl pa*'Yt 1DC1 syrqyl 
s 111-121 C&rbea' ~pbaOUc: ~ c.rboa6r;al~ 
6 H4-117 Carbo~a$Qf~ 
7 uo-u3 catboa% ot Jaa!Kyt 
I 102-~ ~lud 6 oll)'tilliYf 
9 U- U ~ cano•of--0-.&ud•carboMol 
10 
J)atiiOiaM&IDII'IZII W piOOIUaol 
71- 75 ·~of,-0-·aadl ~bouot 
piaoNMol 
11 !1- cu ycarbouo1J-0-410d~~ 
u .u-" Mcthaqo JI'OOPI 




'116-lDZ Cubc*yftta -IDOidy~ 
25- 35 Sanu-ated Cl' ,, y e.rbcas UIOCiat•d 
nil cxmdnlltloG pradudJ 
170 ClrbaaJl ot ~:arboiU&c lld4l 
llO A.Japblui&l.W.p 




;""'i,t P tl: I ,a; I ,t I ~ I • I ~ 1 ·' ,.,., • 
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The •pectra mowed thar Ji&nin solubilized by neutral 
aolvent pulpina had f•w carbohydratea uaociated 
with them from lhc lack of carbohydrate peakt at 20, 
63, '75-83 and 96-102 ppm. Thia wu in apemet\t 
with Sarkauen'l (1980) ltudy of acid catalyzed or· 
PQOION pulping. The carbohydrat• peak& we ... pre· 
tent in the milled wood lip •pectrum (tee Fig. 2). 
Carbonyllat.l70 ppm were present In the mme.d wood 
lipiD spe.etra but aot the other apcctra. Carbonyl• 
would be associated with carbohydrate degradation .. 
products from peeling reactions. I 
Saturated aJiphatics at 30 to 50 ppm were observed in 
all the solubilized spectra but they are more promi-
nent in the 190/0 spectra. Saturated aliphatics were as-
sociated with lignin polymerizing_wjth itself and other 
compounds. The substances obtained were referred to 
as condensation products. ' 
The spectra indicated that most of the condensation 
products occurred early in neutral solvent pulping. 
Goldstein {1985) concluded that lignins remain uncon-
densed in the residual pulp. His conclusion is substan-
tiated since. few condensation prOducts appear late · 
the pulping run. 
Overall area integration resu ts 
The overall areas for the normalized spectra r the 
quantitative spectra are shown in Figure 3A. The o 
all areas of the quantitative spectra were relative] 
constant even though the areas of individual peaks 
vary in the spectra. This implies that the ratio of area 
per number of carbon atoms is constant through out 
the quantitative spectra. It is possible to directly com-
the relative quantities of carbon bonds in a 1i · 
molecu e. 
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Fig. 3. A. Total relative De area or normalized quantitativ_e spectra 
B. Percent syringyl etherification of the samples 
-0-4 ether linkage cleavage 
Figure 3B shows the percent syringyl etherification of 
the samples based on data obtained from the quantita-
tive spectra. The values were calculated using the 
quantitative normalized integrated areas of regions 1, 
2, and the average of regions 5, 6, and 7. Region 1 
represents ail the etherified syringyl carbons 3 and 5. 
Region 2 represents an the phenolic syringyl carbons 
3 and 5 as well as guaiacyl carbons 3 and 4. It is dif-
tcult to determine the contribution of carbons 3 and 
to region 2. There can only be one of each of carbons 
1 through 6 in as phenyl ring. It is possible to estimate 
the contribution of guaicyl carbons 3 and 4 by using 
regions 5, 6 and 7 which represents carbons 6, 5, and 
2 repactively. The contribution of guaiacyl carbons 
were taken out of region 2 by substracting from it 
twice the average of regions 5, 6 and 7. 
Figure 3B shows the percent syringyl etherification de-
creased as the neutral soJvent pulping run proceeded. 
The decrease could be accounted for by cleavage of 
a-0-4 linkages. This supports Sarkanen's conclu-
sion that ~-0-4 linkages are not cleaved in or-
ganosolv pulping (Sarkanen 1980) . 
Conclusions 
The soluble syringyl lignin obtained during neutral 
solvent pulping had increased phenolic contents along 
with decreased etherified contents which indicate that 
ether linkages are cleaved as pulping proceeds. The 
d~ta s~ow that lignin removed in later stages of delig-~ 
mficatton_had more ether linkage cleavage than lignin 
removed m early stages. The likely mechanism for re-
sidual lignin removal is hydrolysis of lignin ether link-
ages to form relatively small molecules followed by 
solubilization and diffusion through the wood. 
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ABSTRACT 
The enzymatic hydrolysis of n-propylamine swollen buffered solvent pulp was stud-
ied in batch reactors. The rate of hydrolysis and the conversion of n-propylamine 
swollen and water extracted pulp was found to be approximately 60 percent higher 
than non-swollen pulp. Residual n-propylamine in the swollen pulp was found to 
inhibit strongly the enzymatic hydrolysis of the pulp. Water extraction was found to 
remove completely the residual amine. 
X-ray diffraction was . used to characterize n-propylamine swollen buffered solvent 
pulp. Compared to non-swollen pulp, the swollen pulp was found to have reduced 
crystallinity and the remaining crystals were transformed from CELLULOSE I to 
CELLULOSE III. 
1 To whom correspondence should be addressed. 
1 
INTRODUCTION 
Lignocellulosic biomass is an abundant, renewable resource which is composed 
mainly of lignin and carbohydrate polymers. The carbohydrate polymer can be enzy-
matically hydrolyzed into fermentable sugars. Unfortunately in the native state, the 
carbohydrate polymers are "encrusted" by the hydrophobic lignin and are therefore 
shielded from aqueous enzyme solutions. This shielding reduces the rate of enzymatic 
hydrolysis and also reduces the yield from biomass. 
The rate of enzymatic hydrolysis for native biomass is also influenced by the crys-
tallinity of the carbohydrate polymers in the biomass. The structure of native crys-
talline cellulose (called CELLULOSE I) prevents penetration of water into the interior 
of the crystal and is difficult to hydrolyze. 1•2 
Since both the lignin content and cellulose crystallinity of native biomass reduce 
enzyme effectiveness two steps are needed to properly pretreat lignocellulosic mate-
rials: delignification and decrystallization. In delignification processes, the lignin-
carbohydrate chemical bonds and the three-dimensional macromolecular lignin net-
work are hydrolyzed with subsequent lignin solubilization. The lignin solution and 
the insoluble pulp can then be separated by filtration. 
A highly efficient process, buffered solvent pulping, has been developed to separate 
the lignin from the carbohydrate fraction by Faass et al.3 In this process, biomass is 
treated in a high temperature buffered solvent for a relatively short residence time. 
Ninety percent of the lignin can be solubilized and extracted from the biomass while 
recovering over 80 percent of the carbohydrate as pulp. 
After delignification, the crystallinity of the biomass pulp can be changed by 
swelling the cellulose crystal with a polar solvent. The extent to which the fluid 
penetrates depends upon the ability of the solvent to form hydrogen bonds with the 
hydroxyl groups of cellulose and upon the size of the solvent molecules. Polar solvents 
which swell crystalline cellulose include sodium hydroxide, potassium hydroxide, min-
2 
eral acids, ammonia and amines. 1 •4 - 9 Chemical swelling of native crystalline cellulose 
can result in the formation of amorphous cellulose or different forms of crystalline 
cellulose classified as CELLULOSE II, III and IV. 10•11 
Pretreatment of crystalline cellulose using n-propylamine offers several potential 
advantages in chemical recovery and operating conditions over other chemical pre-
treatments. For example, the pretreatment could be conducted at ambient tempera-
tures - pressures while the amine could be recovered by vacuum drying the pulp. In 
this paper, the effects of n-propylamine pretreatment on the enzymatic hydrolysis of 
delignified biomass are reported. 
MATERIALS AND METHODS 
Materials 
Tulip Poplar wood was obtained from a local lumber company (McClure Bros 
Lumber Co.) in the form of chips. The chips were washed, debarked and air-dried 
for four days. The chips were then reduced to a nominal 1 mm by Wiley milling and 
stored in a refrigerator. 
Delignification Pretreatment 
The nominal 1 mm chips were delignified according to Faass, et al. except that 
a two liter batch reactor (Parr Instruments) was used.3 The reactor charge consisted 
of 99 grams of chips ('""' 9% moisture) and approximately 900 ml of pulping liquor. 
The pulping liquor composition was 540 ml ethanol, 360 ml water, 21 g sodium 
bicarbonate, and 3.6 g methyl-anthraquinone. A pulping temperature of 220°C and 
a residence time of 20 minutes at that temperature was used. 
After pulping, the pulp was disintegrated in a Waring Blender on maximum speed 
for approximately 3 minutes. The resulting mixture was filtered using porcelain 
funnels and washed with ethanol until the filtrate was clear. The solid residue was 
wet screened to insure uniformity and consistency of the pulp samples. The fraction 
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passing a 40 mesh and retained by a 100 mesh screen was then washed with acetone 
and air-dried. Klason lignin content was determined by TAPPI standard method 
T236 os-76 as modified by Faass et al.3 For buffered solvent pulp, the Klason lignin 
can also be determined using the Kappa number (Klason lignin content % = 0.155 * 
Kappa number). 
Swelling Pretreatment 
Approximately 10 g of air-dried pulp was charged into a three-necked 500 m1 
round bottom flask and placed under vacuum for 20 minutes. The flask was then 
purged with a slow stream of nitrogen for 30 minutes. Next, approximately 100 g 
of anhydrous liquid n-propylamine (98% minimum purity, Eastman Kodak Co.) was 
introduced and the temperature maintained at 0°C in an ice bath. 
After soaking 24 hours, most of the propylamine was removed by vacuum evapo-
ration (200 rnmHg abs ). After approximately 85% of the original n-propylamine was 
recovered, the sample was placed in a vacuum chamber (35 mmHg) over night. The 
resulting pulp was dry to the touch and contained an average of 11.1 ± 1.9% (w/w) 
propy larrPne. 
Enzym~ system 
Lyophilized cellulase powder derived from Trichoderma reesei (Qm 9414) was pro-
vided by the Solar Energy Research Institute (Golden, CO) and was stored frozen. 
Novozyme 188 (300 Cellobiase Units per ml) was purchased from NOVO Laboratories 
and stored in a refrigerator. 
Enzymatic Hydrolysis Experiments 
The enzymatic hydrolysis experiments were conducted in 500 ml, stoppered, 
beakers. :The enzyme/ acetate buffer solution was a 0.5 M sodium acetate buffer ( 4.8 
pH) which contained 2.5 filter paper units of cellulase from Qm 9414 and 2.0 units 
of Novozyme 188 per ml of solution. The solid concentration was a normal 5% (w/v) 
and the stirrer speed was 100 rpm for the hydrolysis experiments. The hydrolysis 
took place at 45°C for 10 hours unless otherwise noted. After 10 hours the samples 
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were removed and immediately immersed in an ice bath to stop the hydrolysis. Next 
the samples were filtered through coarse sintered glass filters and the residual pulp 
was drieq for 36 hours for weight loss determination. 
Crystallinity Measurements 
0.150 g of pulp was compressed into an aluminum sample holder under a pressure 
of 68.9 bar to form a disc of 15.9 mm in diameter. Both applied pressure and sample 
weight were chosen to be in a range where small fluctuations of these parameters have 
no influence on the peaks' intensity. 12 
Diffraction tracings were obtained using a Siemens 90-degree X-ray Diffractome-
ter. A copper target was used for the X-ray beam generation with a characteristic 
wavelength = 1.54184 A (only Ka primary beam). The X-ray generator was oper-
ated at a constant voltage of 45 K v and a current intensity of 20 rnA was applied in 
the cathode circuit of the X-ray tube. The sample was scanned under the following 
conditions: 
Scanning Range 28: 10 to 30 degrees 
Scanning Step = 0.1 degree 
Exposure Time = 120 sec/ 0.1 degree 
The Crystallinity Index ( CI) which expresses the relative degree of crystallinity was 
calculated according to Segal, et al. 12 
Replication of Experiments 
All experiments reported were replicated two or more times with the exception of 
the Kinetic Study and the conversions in the Crystallinity Indices Study. 
RESULTS 
Residual n-propylamine 
Anhydrous n-propylamine was used to swell "buffered solvent" delignified pulp. 
The n-propylamine was removed from the pulp by vacuum evaporation, however, 
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some residual n-propylamine remained in the pulp. The swollen pulp contained ap-
proximately 11 percent by weight residual n-propylamine. The n-propylamine in the 
pulp was neutralized by the addition of IN acetic acid before enzymatic hyqrolysis. 
Enzymatic hydrolysis of the control pulp and the n-propylamine pretreated pulp 
resulted in a weight loss of 38.0±0.3 and 52.9±0.8% respectively. This 39 percent 
increase in enzymatic conversion for the pretreated pulp as compared to the control 
pulp was obtained in the presence of residual neutralized n-propylamine. However, 
amine containing compounds are known to inhibit a number of enzymes. 
Therefore, a series of experiments were conducted to determine the impact of resid-
ual n-propylamine on the enzymatic hydrolysis of cellulose. In these experiments, 
neutralized n-propylamine was added to non-swollen buffered solvent pulp immedi-
ately before the addition of the enzyme solution. As can be seen in Figure 1, the 
residual neutralized n-propylamine had a significant inhibitory effect on enzymatic 
hydrolysis and must be extracted to maximize hydrolysis. 
The type of solvent used for the extraction affects both the n-propylamine content 
of the solid residue and the swollen nature of the residue after drying. Residues 
treated with polar solvents such as water would be expected to have the lowest residual 
amine concentration. However water wetted, swollen cellulose is known to revert to 
crystalline CELLULOSE I upon drying. 13 Swollen cellulose wetted with less polar 
solvents such as acetone can retain their swollen nature upon drying. 
A number of solvent extraction procedures were investigated to remove the n-
propylamine from the pulp. The results of these experiments are shown in Table 
1. The conversion increases as the propylamine content decreases. As expected the 
water extracted, never dried, material had the lowest n-propylamine content and the 
highest conversion. 
Kinetic Study 
A kinetic study was conducted using two different substrates: a control buffered 
solvent pulp and "propylam.ine pretreated-acetone extracted" buffered solvent pulp. 
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The results are shown in Table 2. For both the control and the swollen substrates, the 
rate of hydrolysis decreases gradually with time. This decrease is attributed primarily 
to the change in substrate accessibility over time. The easily accessible hemicellulose 
and amorphous cellulose are degraded rapidly, leaving more crystalline material in 
the reacting mixture. 
The data in Table 2 can be modelled using "lumped" kinetic parameters as shown 
in Eq 1. 2 The overall inhibition constant, k, includes the effect of crystallinity hin-
drance, possible enzyme deactivation and product inhibition. 
1 V0 ki 




x conversion (dimensionless) 
k overall inhibition constant (dimensionless) 
Yo initial hydrolysis rate (mM/hr) 
initial concentration of cellulose (mM) 
t time of hydrolysis (hr) 
The initial hydrolysis rate, Y0 , was determined by plotting the hydrolysis rate data 
versus time and extrapolating to time 0. The overall inhibition constant, k, was deter-
mine by non-linear regression. The values obtained for both constants for pretreated 
and control pulp as given in Table 3. Equation 1 with the constants given in Table 3 
has an excellent correlation with the experimental data shown in Figure 2. 
X-ray Diffraction 
X-ray diffraction tracings were obtained for different conditions of substrate pre-
treatment and for different extracting solvents. Also X-ray diffraction measurements 
were made for the residues of hydrolysis in order to determine the crystallinity of the 
remaining solids. 
In Figure 3A, the diffraction tracing of milled poplar wood ( 40 mesh, raw material) 
with 7% moisture shows a broad and noisy background and non-intensive peaks for 
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the planes 101,101 and 002. A tracing of this type is expected considering the high 
lignin percentage (24%) and the subsequent low crystalline cellulose concentration of 
the sample. No crystallinity measurements were attempted for this sample. 
The diffraction tracing of delignified buffered solvent pulp is shown in Figure 3B. 
Here the characteristic diffraction intensities from the 101,101 and 002 planes are 
strong and relatively sharp. This tracing is characteristic of native CELLULOSE 
I. Diffraction tracings of n-propylarillne treated pulp are significantly different. As 
shown in Figure 3C (pulp treated with n-propylamine and vacuum dried), the char-
acteristic 101,101 broad peak almost disappeared and the 002 sharp peak shifted 
from 20 = 22.5° to 20 = 21.7° and had a much lower intensity. This tracing is 
characteristic of CELLULOSE III.11 
In Figure 3D, the influence of acetone extraction-air drying on the propylamine 
pretreated substrate is shown. A comparison between Figure 3C and Figure 3D indi-
cates the CELLULOSE III structure was maintained. Only a faint broadening of the 
area under the 002 peak towards the higher scanning angle and a rather elevated area 
around 20 = 15° could be detected. This could mean a small portion of CELLULOSE 
III was reconverted into CELLULOSE I. No quantification of this reconversion was 
possible. Thus, when the swelling agent is removed by a solvent such as acetone, the 
air-dried swollen cellulose retains to a significant degree its distended and amorphous 
condition. 
When the residue containing n-propylamine is extracted using water and then air 
dried, even if washed with acetone the crystalline cellulose in the dried residue is 
CELLULOSE I (see Figures 3E and 3F). The characteristic diffraction peaks are still 
relatively decreased in comparison with Figure 3B. In the case where acetone was 
used to reextract the water before air drying the substrate, a relative retention of the 
swollen state is observed. Loeb and Segal reported similar results for an analogous 
system.13 
Finally, Figure 4 presents the diffractogram of the residue of hydrolyzed n-
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propylamine pretreated pulp. Crystallinity has increased after hydrolysis. It is impor-
tant to remember that the lignin concentration has substantially increased compared 
to the non-hydrolyzed sample. This means the carbohydrate fraction in the residue 
is largely crystalline. 
Crystallinity Indices for hydrolyzed and non- hydrolyzed material were determined 
and are shown in Table 4. The crystallinity index represents a relative and not 
an absolute measurement of crystallinity. The n-propylarnine swollen pulp had a 
significantly reduced CI as compared to the control (untreated) pulp. As expected, 
the CI increased substantially for all the substrates after hydrolysis. 
Using the CI and the lignin content for two of the cases shown in Table 4, the 
relative composition of pulp and hydrolyzed residue was calculated. As shown in 
Table 5, the carbohydrate remaining in the n-propylarnine pretreated residue after 
hydrolysis was highly crystalline. 
CONCLUSIONS 
Pretreatment of delignified buffered solvent pulp with n-propylarnine swells the 
CELLULOSE I structure present in native cellulose and decreases the crystallinity 
of the pulp. The crystalline cellulose which remains after swelling is in the form 
of CELLULOSE III. If the pretreated pulp is contacted with water and dried, the 
CELLULOSE III crystals revert to CELLULOSE I. 
Pretreatment of delignified buffered solvent pulp with n-propylarnine can increase 
the enzymatic conversion of the pulp by approximately 60 percent. Cellulases are 
strongly inhibited by n-propylamine. Extraction of the residual n-propylamine from 
the pretreated pulp while maintaining the swollen state is required for maximum con-
version. 
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Figure Legends 
Figure 1: Effect of Added Neutralized Propylamine on Enzymatic Hydrolysis of Buffered 
Solvent Pulp. 
Figure 2: Enzymatic Hydrolysis Experimental and Calculated Data. 
D = Control Buffered Solvent Pulp Experimental Data 
~ = Propylamine Treated, Acetone Extracted, Buffered Solvent Pulp Experi-
mental Data 
• = Control Buffered Solvent Pulp Calculated Using Model 
V = Propylamine Treated, Acetone Extracted, Buffered Solvent Pulp Calcu-
lated Using Model 
Figure 3: X-Ray Diffactograms of: 
A: Milled Poplar Wood-40 Mesh. 
B: Buffered Solvent Pulp. 
C: n-Propylamine Swollen, Vacuum Dried, Buffered Solvent Pulp. 
D: n-Propylamine Swollen - Acetone Extracted, Buffered Solvent Pulp. 
E: n-Propylamine Swollen, Treated - Water Extracted - Air Dried, Buffered 
Solvent Pulp. 
F: n-Proplyamine Swollen- Water Extracted- Acetone Washed and Air Dried, 
Buffered Solvent Pulp. 
Figure 4: X-Ray Diffractogram of Standard Hydrolysis Residue (Substrate: n-
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TABLE 1 
The Influence of Solvent Extraction 
on the Enzymatic Hydrolysis of 




Propylamine treated + 
acetone extracted 
air dried 
Propy lamine treated + 
ethanol extracted 
air dried 
Propy lamine treated + 
methanol extracted 
air dried 
Propylarnine treated + 




9.4 ± 0.3 
13.5 ± 0.4 
6.5 ± 0.2 
7.0 ± 0.3 
6.1 ± 0.2 




11.1 ± 1.9 
2.2 ± 0.4 
0.7 ± 0.2 
0.5 ± 0.2 
0.0 
Conversion 







(*) Propylamine content was calculated by titration with 0.1 N HCl acid, 
using phenol-phtalein as indicator. 
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TABLE 2 
Hydrolysis Rate Data 
n-Propylamine ,D. 1 
Hydrolysis Control Pulp Pretreated Pulp* Propyl Pretreated 
Time % wt. loss % wt. loss .D. 1 
(Hrs.) Total .D.1 Total .D.1 Control 
2 19.34 19.34 28.25 28.25 1.46 
4 26.14 6.80 38.45 10.20 1.50 
6 31.81 5.67 46.43 7.98 1.41 
8 35.03 3.22 50.65 4.22 1.31 
10 37.71 2.68 54.14 3.49 1.30 
1 D. = Total % wt loss at timei+I - Total % wt loss timei 
Additional Information: 
Moisture(%) Propylamine Content(%) 
Untreated control 10.10 




Rate Equation Constants 
Substrate K(dimensionless) Vo(mM /hr) 
Pulp 220/20 7.15 31.25 
untreated control 
Pulp 220/20 




Crystallinity Indices ( CI) of Swollen 
Hydrolyzed and Non-hydrolyzed Pulp 
Non-hydrolyzed Hydrolyzed 
CI (%) CI (%) 
Untreated control 78.2±0.7 81.4±0.2 
Propy lamine treated 44.1±1.2 N/A 
Propy lamine treated 
water extracted + 63.8±0.4 75.6±0.8 
air dried 
Propy lamine treated 
water extracted 61.7±0.8 71.5±0.4 
acetone washed 
air dried 
Propy lamine treated 
water extracted + N/A 71.3±1.3 
never dried 
N /A not available 
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Conversion 



























*water extracted, acetone washed, air dried pulp 
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n-Propylamine Pretrea.ted Pulp* 
Crystalline Amorphous 
Cellulose Carbohydrate Lignjn Total 
61.7g 
61.7% 
30.4g 
71.5% 
33.3g 
33.3% 
6.6g 
15.7% 
5.0g 100g 
5.0% 100% 
5.0g 42g 
11.9% 100% 
